Many varieties of transgenic rice are under development in countries where wild and weedy relatives co-occur with the crop. To evaluate possible risks associated with pollen-mediated transgene dispersal, we conducted a two-year survey in Vietnam to examine overlapping flowering periods of rice (Oryza sativa L.), weedy rice (O. sativa), and wild rice (O. rufipogon Griff.), all of which are inter-fertile. We surveyed populations in two regions of the Mekong Delta, northern and southern, and at three sites in each of three habitats per region: fresh water, saline water, and acid sulfate soil. Weedy rice frequently flowered simultaneously with neighboring cultivated rice plants. Flowering was more seasonal in wild rice and often peaked in November and December. Peak flowering times of wild rice overlapped with adjacent rice fields at all of the saline sites and half of the acid sulfate sites. The longer flowering season of wild rice ensured that crop-to-wild gene flow was possible in fresh water habitats as well. Our second objective was to determine whether wild and weedy rice populations are exposed to pests that could be targeted by future transgenes, which may then provide fitness benefits. These populations shared many pathogen and insect herbivore species with cultivated rice (leaffolder, locust, cricket, planthoppers, rice bug, stem borer, sheath blight, blast, bacterial leaf blight, and brown spot). Damage by leaffolders and locusts was the most frequently observed insect feeding damage on all three rice types. Indicator species analysis revealed that most of the insect herbivores were associated with particular habitats, demonstrating the importance of broad geographic sampling for transgenic rice risk assessment. These survey data and the strong likelihood of gene flow from cultivated rice suggest that further studies are needed to examine the effects of transgenic traits such as resistance to pests on the abundance of wild and weedy rice.
INTRODUCTION
As one of the world's most important food crops, rice is the subject of intensive breeding programs utilizing conventional, marker-assisted, and transgenic techniques (Khush, 2001) . Desirable traits for rice improvement include nutritional quality, yield, and abiotic and biotic stress tolerance. Many foreign genes have been transferred to rice by genetic engineering (e.g., Giri and Laxmi, 2002; Lu and Snow, 2005) . Transgenic lines have * Corresponding author: snow.1@osu.edu been field tested in China, India, the United States, and other countries, but are not widely grown (James, 2006) . To date, the USA is the only country to have approved non-regulated cultivation of a transgenic rice (AgBios, 2007) . Delays in release of transgenic rice cultivars are due in part to concerns about biosafety and international trade.
One of the major biosafety concerns pertaining to the environmental release of genetically engineered crops is related to transgene outcrossing to wild and weedy relatives (Ellstrand, 2003) , an issue of particular relevance to rice. Transgenes are typically inherited as dominant traits that result from strong, constitutive gene expression, with the potential to have major effects on plant fitness (e.g., Snow et al., 2003) . The evaluation of biosafety risks must consider both the probability of gene flow and its potential consequences. Asian cultivated rice (Oryza sativa L.) originated in Asia and is closely related to two wild species that are widespread and abundant on that continent: the perennial species O. rufipogon and the annual species O. nivara (Lu and Snow, 2005) . Various types of weedy rice (O. sativa), sometimes designated as O. sativa f. spontanea, also occur in and around rice fields in Asia and other rice-growing regions of the world. Weedy rice reduces yield and grain quality, and becomes a problem of increasing severity where direct seeding replaces transplanting as the method of crop establishment (Baki et al., 2000; references in Cao et al., 2007) . Approximately 90% of rice fields in the Mekong Delta, in all habitats, are now established by direct seeding (L.M.C. and L.P.L, personal observations). Some weedy rices probably originate from rice cultivars that reverted to weedy forms, while others are derived from hybridization between cultivars and wild rice (e.g., Cao et al., 2006; Suh et al., 1997) .
The probability of pollen-mediated gene flow can be quantified by studying the ability of the crop to hybridize and backcross with its wild and weedy relatives, proximity to wild and weedy populations, the longevity and dispersal of pollen, and the overlap of flowering times between transgenic and recipient plants in the field (Dale et al., 2002) . Several studies have demonstrated that pollen from rice cultivars can fertilize O. rufipogon Kuroda et al., 2005 Wang et al., 2006) and weedy rice Gealy et al., 2003; Messeguer et al., 2004) under field conditions, and that the resulting hybrids are fertile. Hybridization rates among these taxa are generally low, in the range of 0.01 to 3%. However, crop-wild hybridization rates from an herbicide-resistant GM rice variety to O. rufipogon in experimental plots in China were as high as 18% when plants were immediately adjacent to the crop, 11% at 1 m from the crop, and 0.01% at 250 m from the crop (Wang et al., 2006) . Because of the extensive area over which O. rufipogon and weedy rices co-occur with cultivated rice, and the large area over which transgenic rice cultivars may eventually be grown, transgenes will almost certainly disperse into populations of wild and weedy rice and could persist for many generations Lu et al., 2003) .
Due to the advanced state of development of transgenic rice cultivars, there is an urgent need for research on the extent and consequences of outcrossing to wild and weedy populations. Possible consequences depend on factors such as the fitness advantage or disadvantage conferred by the transgene on wild or weedy relatives and effects on other species in the ecosystem, should the recipient plant populations change in distribution, abundance, or toxicity (Letourneau et al., 2003) . The large genetic variation within cultivated, wild, and weedy rices, the diversity of habitats in which rice is grown, and the diversity of transgenic traits under development necessitate case-by-case studies of the consequences of gene flow. The most direct method for evaluating the consequences of gene flow is to quantify the fitness effects of a transgene on hybrids between a transgenic cultivar and a wild or weedy relative under field conditions. For example, Snow et al. (2003) found that a Bacillus thuringiensis (Bt) gene conferring resistance to lepidopteran herbivores increased the fecundity of hybrids between a sunflower cultivar and wild sunflower. In contrast, Burke and Rieseberg (2003) found that an oxalate oxidase transgene for white mold resistance did not confer a fecundity advantage to crop-wild hybrids in sunflower.
Unfortunately, opportunities to study the fitness effects of transgenes directly are rare, in part because of strict regulations for conducting field experiments prior to deregulation. Countries in Asia have strict biosafety regulations governing the field testing of transgenic rice. While numerous field tests of transgenic rice have occurred in China and India, other countries have not yet approved field testing or have conducted only a handful of small-scale tests. Even in countries where field testing is permitted, it is likely to be difficult to obtain approval for field experiments involving hybrids between transgenic rice cultivars and wild or weedy rice because the use of such hybrids in field experiments could increase the risk of transgene escape into the wider environment. Consequently, there is a need for studies such as those we report in this paper that address gene flow and its potential consequences without using transgenic plants.
In this study, we surveyed flowering phenology and the presence of common insect herbivores and pathogens on cultivated, wild, and weedy rice populations in three habitats (fresh water, saline water, and acid sulfate soil) of the Mekong Delta of Vietnam, which is a major rice producer and exporter (Fig. 1, Tab. 1 ). Hereafter, we refer to O. rufipogon as wild rice (another wild rice, O. nivara, was not seen at our study sites). Wild rice occurs near cultivated rice throughout the Mekong Delta and is often the dominant vegetation along the banks of canals and irrigation ditches. Weedy rice also is common and grows intermixed with cultivated rice. Evidence for overlapping flowering times among our study species would indicate whether it is possible for crop-derived genes to spread to wild and weedy populations under current farming practices. Thus, the first objective of our study was to examine the potential for pollen-mediated gene flow from the crop to its wild and weedy relatives by examining flowering phenology in three common habitats where the crop is grown.
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Figure 1. Location of study sites in the Mekong Delta, Vietnam. The sites include three habitats: acid sulfate (1-3, 10-12), fresh water (4-6, 13-15), and saline (7-9, 16-18).
The second objective was to examine the distribution and relative abundance of common insect herbivores and pathogens in populations of wild, weedy, and cultivated rice, as a first step toward evaluating possible fitness effects of future transgenes that disperse into wild and weedy populations. While the pathogens and insects that attack the rice crop in Vietnam have been extensively studied (e.g., Cuong et al., 1997; Savary et al., 2000) , little is known about the pathogens and insects that are found on wild and weedy rice in Vietnam or other rice-growing countries (Lu and Snow, 2005) . Although many papers report on the survival of pathogens and insect herbivores of cultivated rice on O. rufipogon under greenhouse conditions, we found only two published papers describing field studies of the ecology of pathogens or insect herbivores on wild rice in Asia: one on rice gall midge (Orseola oryzae Wood-Mason) on wild rice in Thailand (Kadkao, 1991) , and the second on rice tungro virus disease in the Philippines (Tiongco et al., 1993) . Therefore, further studies of herbivores and pathogens of wild and weedy rice are needed assess the ecological and evolutionary effects of deploying transgenic rice that is resistant to these pests. Determining whether these pests are present in wild and weedy rice populations is a necessary component of risk assessment.
Transgenes that confer resistance to insects or pathogens could result in changes in the distribution or abundance of wild or weedy rice should they provide a fitness advantage. A few examples of transgenes for pest protection that have already been used in rice • 59' 47.13" transformation and could become available in Vietnam and elsewhere include Bt and cowpea trypsin inhibitor genes for resistance to lepidopteran larvae (High et al., 2004; Huang et al., 2005) , lectin genes for resistance to sucking insects (Nagadhara et al., 2003; Saha et al., 2006) , chitinase or allene oxide synthase genes for resistance to fungal diseases (Datta et al., 2001; Mei et al., 2006) , and trangenes for resistance to bacterial blight (Zai et al., 2004) . Other transgenic traits that could be released separately or in combination with various types of pest resistance include resistance to commonly used herbicides, greater tolerance of abiotic stresses, and enhanced production of pro-vitamin A (e.g., Lu and Snow, 2005) .
RESULTS

Phenology
Cultivated rice
All the rice fields we sampled were planted to modern semidwarf varieties, with the exception of a few fields
Flowering phenology and pests of wild and weedy rice in the saline habitat that were planted to traditional varieties. Modern varieties do not require specific photoperiods to induce flowering, so it is possible for farmers to grow more than one rice crop per year. The temporal pattern of crop establishment varied from year to year within sites (Fig. 2) , and this may be due in part to variation in the start and duration of the annual flooding of the delta (fields cannot be planted until the flood levels subside). In non-saline habitats in the Mekong Delta, cultivated rice can be planted at most times of the year, and most farmers grow three rice crops per year on a given piece of land. In saline areas, only one or two crops can be grown per year, due to excessive water salinity during the dry season.
Over the course of the study, one or more of the 12 non-saline crop fields flowered in each month of the year except November and December (Fig. 2) . At the six saline sites, the crop was most likely to flower in November-January and June-August, depending on the location and year, but some flowering occurred in every month except April and May. Fields in the acid sulfate habitat of the southern region were occasionally found to have ratoon rice, i.e., regrowth from rice stubble after harvest (Fig. 2) . Ratoon rice can arise if fields are not plowed or flooded shortly after harvest. Ratoon plants develop to flowering and maturity if left undisturbed and thus may lead to increased temporal overlap in flowering between cultivated rice and its wild relatives.
Weedy rice
Flowering periods of weedy rice frequently overlapped with flowering of cultivated rice in the same field (Fig. 2) . Because weedy rice is an annual, each episode of flowering is likely to represent a separate cohort of plants, which we refer to as a population. (Thus, there were more "populations" than sites.) At the northern sites (1-9), all of the 29 populations that we observed flowered during the same month as the surrounding crop plants (Fig. 2) . At the southern sites (10-18), 63% of 43 weedy populations overlapped with the crop. In both regions, a few weedy populations also flowered during the same month as the nearby population of O. rufipogon (10% in the northern region and 26% in the southern region).
Oryza rufipogon
The peak of O. rufipogon flowering typically occurred between November and January, when fresh water crop fields were often fallow (Fig. 2) . Flowering times varied across years and locations, and we observed considerable variation in flowering times within sites, with some plants flowering as late as April (data not shown). The duration of flowering in a population often spanned several months, unlike the single month duration for cultivated and weedy rice populations. There were several cases in which the flowering times of cultivated and weedy rice overlapped with the peak flowering times of adjacent O. rufipogon populations. These included all six of the saline water sites and the three southern acid sulfate sites. In 2002, peak flowering at two of the southern acid sulfate sites occurred in June.
The flowering times of O. rufipogon populations are probably influenced by the annual floods, and are strongly affected by the activity of farmers and farm animals. Farmers at several sites cut O. rufipogon to feed to buffalo or to facilitate boat movement along canals, and at some sites buffalo and domesticated ducks grazed directly on the wild rice. 
Insects and pathogens
Numerous species of pathogens and insect herbivores, or symptoms of their pathology or feeding, were observed on wild, weedy, and cultivated rice. All of the most frequently observed insects and pathogens (Tab. 2) are common pests of cultivated rice (IRRI, 1983) . We report data from the nine northern sites only. All of the insects and pathogens in Table 2 were found on cultivated, wild, and weedy rice (Fig. 3) . Damage by leaffolders and locusts was the most frequently observed insect feeding damage on all three rice types. The percentage of leaves with leaffolder damage on specific sampling dates ranged as high as 29, 38, and 26% for wild, weedy, and cultivated rice, respectively (data not shown). Locust damage ranged as high as 100, 12, and 18% for wild, weedy, and cultivated rice, respectively (data not shown).
To further examine the relative abundance of insects and pathogens on O. rufipogon, we analyzed data from a series of 16 dates between January 2001 and November 2002, for which data were available from all nine of the northern study sites. We note that because the three sites for each habitat were clustered geographically, possible effects of habitat on species abundances could be confounded with effects of spatial proximity. We used different multivariate tests to identify specific associations of taxa with habitats. First, the ordination of data obtained with a non-metric multidimensional scaling analysis showed a fairly distinct pattern of pest species among the three habitats (Fig. 4) , with the saline habitat showing a more unique species composition compared to the others. Stress is reduced from 42.61 to 8.83 by representing the space in three axes. The stress reduction between Flowering phenology and pests of wild and weedy rice Table 2 . Numbers of sample points: weedy rice n = 98, wild rice n = 224, cultivated rice n = 848.
M.B. Cohen et al. the second and third axis has a value of 15.40, resulting in a P value of 0.066, indicating an efficient fit of data points in a three-dimensional space. This indicates that the ordination of data points is reached quite efficiently.
The coupled use of multiple response permutation procedure and indicator species analysis showed that most of the insect herbivores were significantly associated with one of the three habitats, as was one of the four diseases (blast, which was associated with fresh water sites). Leaffolders and green leafhoppers were more strongly associated with fresh water sites than the acid sulfate or saline sites. Indicator species analysis combines information on a species' relative abundance with its relative frequency of occurrence in the various groups of sites, and these two types of information were combined in the indicator values shown in Table 3 . The overall association between taxa and habitat was also highly significant (P < 0.0001).
DISCUSSION
It is well known that O. rufipogon, weedy rice, and cultivated O. sativa can be readily crossed under controlled conditions and that hybridization can occur under field conditions Song et al., 2003) . Our observations on flowering phenology provide further evidence that transgenes will almost certainly enter populations of weedy and wild rice in the Mekong Delta. Weedy rice frequently flowered at the same time as the crop and was intermixed with crop plants. Wild rice has a higher outcrossing rate than weedy rice (e.g., Song et al., 2003 ), but we found that seasonal opportunities for hybridization were less common in wild rice, which often flowered in November and December (also reported by Kuroda et al., 2005 , for populations in Laos). During the two-year period of this study, the peak flowering time of O. rufipogon coincided with flowering of a neighboring rice field at nine of the 18 sites. These nine sites included all six of the saline sites, and the three acid sulfate sites in the southern region. It should be noted that the area of saline rice cultivation in the Mekong Delta is much smaller than that of the acid sulfate and fresh water areas, and is declining. Thus, the proportion of total outcrossing events in the Mekong Delta that occurs in saline areas is likely to be relatively small. The lack of flowering overlap between cultivated and wild rice in fresh water areas could be a general pattern or it could be a result of small sample sizes (six wild populations studied during two years) and harvesting by farmers. In any Flowering phenology and pests of wild and weedy rice case, we often observed a few individuals of O. rufipogon flowering earlier or later than the peak months indicated in Figure 2 , such that crop-to-wild gene flow could occur sporadically in fresh water areas.
Given the strong likelihood of transgenes entering weedy and wild rice populations in the Mekong Delta, environmental risk assessment requires information about how specific transgenes might affect the fecundity and abundance of recipient populations. To address the consequences of transgene outcrossing to O. rufipogon or weedy rice, information on the ecology and biotic and abiotic stress resistance of these plants is needed. Although we did not test for such consequences, our study provides new information on the insect pests and diseases that occur on O. rufipogon and weedy rice.
Common pathogens and insect herbivores on cultivated rice were also found on wild and weedy rice, indicating that further research on the consequences of releasing pest-protection transgenes is warranted. Our results are not surprising given that O. rufipogon, weedy rice, and cultivated rice are closely related and share the same or adjacent habitats, and that O. rufipogon can serve as a host to numerous rice pathogens and insect pests under greenhouse conditions (e.g. Eizenga et al., 2002; Romena and Heinrichs, 1989) . In addition, O. rufipogon accessions with resistance to brown planthopper, green leafhopper, white-backed planthopper, bacterial blight, and rice tungro virus disease have been identified (Bellon et al., 1998; Romena and Heinrichs, 1989) , and it is possible that this resistance evolved in response to herbivory and disease pressure. Nonetheless, our results show that some O. rufipogon and weedy rice populations serve as hosts for these pests in the field and therefore might gain increased fitness from the introgression of novel, transgenic resistance transgenes.
Genes conferring high levels of natural resistance to some common rice pathogens and insect herbivores, including stem borers, leaffolders, locusts, and sheath blight, have not been reported in cultivated or weedy rice or O. rufipogon (e.g., Bonman et al., 1992; Heinrichs, 1994) . Because major resistance to these pests is apparently absent from O. sativa and O. rufipogon, the consequences of outcrossing of transgenes conferring resistance to these pests should receive particularly careful evaluation in future studies. Locusts and leaffolders caused the most frequent insect feeding damage observed on O. rufipogon and weedy rice. Cultivated rice has been shown to recover from high levels of early season defoliation (Matteson, 2000) , but responses of wild and weedy rice to natural levels of leaf damage are not known. Feeding by stem borers at the reproductive stage prevents grain production in the affected tiller and may therefore have a larger effect on fitness than partial defoliation, but we observed only low levels of stem borer damage in all habitats and rice types in our study. This is consistent with general patterns of stem borer infestation in tropical rice (High et al., 2004; Savary et al., 2000) .
Direct comparisons of insect and pest damage among rice species are not warranted because it was not possible to sample all three rice taxa on all of the sampling dates, so the data are not balanced with regard to plant life stages or seasonal variation in the occurrence of insects and pathogens. Thus, although weedy rice appears to have less damage than wild or cultivated rice (Fig. 3) , this could be due to a lack of data from young plants.
Statistical analysis of the O. rufipogon data revealed significant variation in the abundance of some pest species (i.e., locust, cricket, green leafhopper, whitebacked planthopper, stem borer, leaffolder, blast) among habitats (Tab. 3, Fig. 4 ). The saline habitat presents the most distinct pattern of species distribution, with relatively common occurrences of crickets, locusts, and white-backed planthoppers and low frequencies of several other taxa. This is not a surprising outcome, as many organisms are sensitive to salinity. Although our analysis of habitat associations was restricted to grouped sites in the northern region, our results indicate the importance of broad geographic sampling to account for spatial variation in pest species. It must be noted that the use of multivariate tests combining actual data counts and detection of symptoms has only a comparative value. Therefore our results should not be used to draw conclusions about the abundance of insect or pathogen populations in other areas of rice cultivation.
In conclusion, this study demonstrates that hybridization between cultivated rice and its wild and weedy relatives is very likely in Vietnam, making it necessary to understand the consequences of transgenic traits that could introgress into recipient populations. We also found that wild and weedy rice are hosts of many of the common pest species of cultivated rice. Therefore, further studies are needed to determine whether release from natural levels of pest pressure due to transgene introgression is likely to enhance the fitness of wild and weedy rice, and whether this could pose problems for farmers or the environment. Other transgenic traits, such as those that confer herbicide resistance and drought tolerance, also have the potential to be beneficial for wild and weedy taxa, whereas nutritional transgenic traits might be neutral or deleterious (this has yet to be examined). Ultimately, decisions about which transgenic rice lines should be released into the environment will hinge on broader considerations of their likely benefits and risks. Ecological field surveys such as ours provide a crucial starting point for making informed decisions about deregulation. 
MATERIALS AND METHODS
Study sites
Eighteen study sites were selected based on location, habitat type, and co-occurrence of wild and cultivated rice (Fig. 1 , Tab. 1). Each site encompassed an area of approximately 10 ha that included a cultivated rice field and at least one population of wild rice growing along the banks of a canal within 3 m of the edge of the crop. Most of the rice fields also had populations of weedy rice, though not all. We established nine study sites in a northern region and nine in a southern region. Within each region, we selected three sites in each of three current or historical habitat types that are common in the Mekong Delta: fresh water, saline water, and acid sulfate soil. The sites within a habitat were separated by at least 5 km. Within each region, the sites were clustered by habitat rather than randomly interspersed due to the geographic extent of the habitats. The sites ranged in elevation from 5 to 20 m above sea level.
In the saline habitats, salinity levels are variable and may be lower than in the past. Seasonally, the salinity of the water increases during the dry season as freshwater entering the Mekong Delta declines and sea water intrusion increases. On a daily basis, salinity declines as the tide recedes and increases as the tide rises. Over the past 30 years, the salinity of water in the canals in much of the Mekong Delta has declined as a result of the construction of levees that impede the intrusion of sea water. Consequently, while all of the sites that we categorize as saline historically had saline irrigation water, at the time of our study the salinity of the water had probably declined by varying degrees.
Acid sulfate soils occur in about 40% the Mekong Delta (e.g., Minh et al., 1997) . The soil acidity results in greater solubility of aluminum, and aluminum toxicity impedes rice growth. Excavation of new canals and other disturbances result in the exposure of new soil that is higher in acid sulfate content, while the acidity within established fields may decline over time due to repeated cycles of tilling, flooding, and leaching. Vast areas of the Mekong Delta have been reclaimed for rice cultivation by this process. In some cases, the acidity and aluminum toxicity of surface soils at our study sites may be similar to those designated as fresh water sites, despite having an underlying soil horizon of reduced sulfur compounds in Flowering phenology and pests of wild and weedy rice pyritic mud. Thus, there was probably a range in acidity among the sites that we designated as acid sulfate.
Sampling methodology
Wild, weedy, and cultivated rice plants were sampled on a monthly basis for 22 to 27 months at the 18 study sites, beginning in May 2000 and ending in October 2002. There were several gaps in the sampling over this time period, mainly due to logistical difficulties such as lack of access because of flooding. Plant growth stage (vegetative, flowering, seed ripening) was recorded at each sample site (see below) and date. Cultivated rice within a field flowered uniformly due to high varietal purity. The flowering time of weedy rice and wild rice populations at each study site was more variable. We recorded the date(s) of peak flowering, based on qualitative observations. If flowering occurred during the interval between two consecutive visits, the flowering time was interpolated to the month during which it was most likely to have occurred. At the nine northern sites, the abundance of eight insect taxa and four diseases were quantified on each sample date (Tab. 2). For four species of Hemiptera, which are common pests of cultivated rice, we counted the numbers of insects found on the sampled shoots. The abundance of other insects and the four pathogens was quantified by recording the presence or absence of characteristic damage symptoms (IRRI, 1983) on each leaf sampled (Tab. 2). A leaf was considered to be damaged if the symptoms were large enough for the causal agent of damage to be identified.
Methods for sampling shoots of wild, cultivated, and weedy rice are described below.
O. rufipogon sampling
At each site, sampling was conducted at five points spaced evenly along a 100-m transect on one or both sides of a canal. At each sample point 25 tillers were examined within an area of 2 m 2 , for a total of 125 tillers per site on the date of sampling. O. rufipogon is capable of extensive vegetative reproduction, and a single individual may consist of dozens of tillers interspersed with tillers of other individuals. Thus, the 25 tillers sampled could have been part of one or more individual plants.
Cultivated rice sampling
Plants were sampled at eight widely spaced points in a farmer's field adjacent to the O. rufipogon sampling transect. At some sites, sampling points for cultivated rice were in two adjacent rice fields that were planted at approximately the same time. At each sample point, 25 tillers were examined within a 1-m 2 area, for a total of 200 tillers per site.
Weedy rice sampling
Weedy rice was sampled in farmers' fields, where it was interspersed with the rice crop. Weedy rice is difficult to distinguish from cultivated rice when the plants are at the vegetative stage. Thus, weedy rice was sampled only during the reproductive stage, when it could be identified on the basis of panicle height and appearance. The density and distribution of weedy rice within cultivated rice fields are variable. Weedy rice was sampled at eight points where the plants were present at sufficient density to allow 25 tillers to be examined within an area of approximately 1 m 2 (200 tillers per site). In fields in which weedy rice was not abundant, no sampling was conducted.
Data analysis
For insects and pathogens at the nine northern sites, we calculated the percent occurrence at all sample sites and sample dates (Fig. 3) . For wild rice, which was surveyed most consistently during this period, we also compared the occurrence of pest species in the three habitats. This analysis is based on 16 sampling dates from January 2001 to November 2002.
Occurrence of pest species was compared first with an ordination method, non-metric multidimensional scaling (NMS, Kruskal, 1964) , and then with a multiple response permutation procedure (MRPP, Zimmerman et al., 1985) . Possible associations between taxa and habitats were defined using indicator species analysis (ISA, Dufrene and Legendre, 1997) . Ordination techniques are widely used for summarizing species responses to environmental factors. An "indirect gradient analysis" is performed when only species composition is measured and relationships with environmental variables are inferred on the basis of patterns in species distribution. NMS is a popular ordination method for indirect gradient analysis, which is well suited to data that are non-normal, or are on arbitrary, discontinuous scales. The goal of NMS is representing in the space data points such that pairwise distances between two of these have the rank order in the same order of magnitude of pairwise dissimilarities between raw data. In order to optimize this spatial representation, NMS algorithms start calculating an average pair distance. The difference between this estimate and an actual distance between points is called stress. Data are then shuffled in an iterative process in order to minimize discrepancies and reduce stress as much as possible until an adequate fit is obtained. A successful ordination of data points in the space with NMS is measured with a reduction of stress, expressed with a P value.
The coupled use of MRPP and ISA furnishes robust quantitative estimates of biodiversity and may enable discovery of indicator species for the specific system. The tests were performed by summing, for each sampling date and habitat, data of insect counts (for white-backed planthopper, brown planthopper, green leafhopper, rice bug) or, for species that were recorded based on their symptoms (including pathogens), the mean percentages of damaged leaves or tillers.
